Spores. Spores were formed on a potato-agar CaCOa medium (17) . Vegetative cells were removed by partitioning in a two-phase aqueous polymer system containing polyethylene glycol 1000 and potassium phosphate (17) . A few early lots of spores of NCA strain 7XI were formed on a liquid medium (16).
species of Bacillus; B. cereus, B. megaterium, and B. subtilis, probably owing to the ease with which clean spores of these species are obtained and the rapidity with which they germinate. The possibility that an atypical picture of spore germination resulted was considered (4) .
Preliminary studies showed that B. macerans NCA strain 7X I has unusual germination requirements (16 Spores. Spores were formed on a potato-agar CaCOa medium (17) . Vegetative cells were removed by partitioning in a two-phase aqueous polymer system containing polyethylene glycol 1000 and potassium phosphate (17) . A few early lots of spores of NCA strain 7XI were formed on a liquid medium (16) .
Germination. Germination rate and extent were determined turbidimetrically in 10-mm test tubes at 625 nm in a Bausch & Lomb Spectronic 20 colorimeter. Samples contained a buffer [usually Ntris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES) or potassium phosphate, pH 7J, germinant, spores, and water. All experiments were conducted at 40 C unless otherwise stated.
Activation. Spores of strains B-70, B-171, and B-430 were activated by heating in a water suspension for 30 min at 64 C. Spores of strain B-388 required 120 min at 64 C for best activation. NCA strain 7X1 required an acid heat shock (9) of 60 min at 70 C while suspended in 0.01 M potassium acetate (pH 4.0); such spores were customarily washed and suspended in water before use. Spores of strain 7X I grown on liquid medium (16) germinated reasonably well after shocking in water suspension at 64 C for 30 min.
Chemicals. Adenine, 2,6-diaminopurine, pyridoxine, pyridoxal, pyridoxamine, penicillin G (benzyl penicillin), niacinamide, nicotinamide adenine dinucleotide (NAD), o-ribose, L-glutamine, L-a-aminobutyric acid, D-glucosamine, 2-deoxy-D-glucose, and penicillinase were obtained from Calbiochem. D-Fructose, 2-phenyl acetamide, valeramide, isobutyramide, isovaleramide, and phenyl acetic acid were obtained from Eastman Kodak. L-Asparagine, D-asparagine, and 8-aza-2,6-diaminopurine sulfate were obtained from Cyclo Chemical. Salts of penicillin derivatives were obtained from Bristol Laboratories. Dipicolinic acid was obtained from (19) , but distinctly higher than previously determined levels. These high values may be related to the higher optimal growth and germination temperature of B. macerans.
pH optima. Strains B-70, B-430, and 7X 1 showed relatively broad pH optima (pH 6.0 to 9.0) for all germinants tested (Fig. 2) . Strains B-388 and B-171 were not tested. NCA strain 7XI showed a pH response for germination on pyridoxine identical with that for adenine. Difference in pH response for the various strains germinating on different substrates seemed minor.
Ion effects. The effect of salt concentration (KCI, NaCI) on germination of strains 7X1 and B-70 in the presence of various germinants is shown in Fig. 3 . Several points are noteworthy. Potassium is the preferred cation (14, 21) Some characteristics of the germination induced by various germinants are given below.
2-Phenylacetamide. 2-Phenylacetamide is very effective for all strains in the presence of fructose; it is also effective alone, but to varying degrees (Table 1) . Benzyl penicillin, a phenylacetamide derivative of penicillin, is also effective, but at higher concentration levels ( Fig. 4 ; Table 1 ). Five other penicillin derivatives were tested. Phenethicillin, the R group of which is analogous to phenylacetamide, showed activity (Table 1) , but ampicillin, methicillin, oxacillin and cloxacillin were inactive. Benzyl penicillin retained full activity after treatment with penicillinase, indicating that antibiotic activity is not associated with germinative activity.
Phenylacetic acid also showed good activity although at higher concentration levels. Benzamide was inactive. n-Valeramide, iso-valeramide, iso-butyramide, and n-valeric acid also showed activity at 10-2 to 10-3 M.
Phenylacetamide germination is favored by K+ as compared to Na+ and is not greatly retarded by high ionic strength.
L-Asparagine. L-Asparagine is an excellent germinant for all strains except 7X1 (Table 1) . DAsparagine and L-glutamine also showed activity, but at much higher concentration levels. L-Aspartic acid was inactive. Other amino acid amides (phenylalanine amide, leucine amide, alanine amide) were also inactive. L-Asparagine germination was not potentiated by fructose or ribose. Adenine. Adenine and 2,6-diaminopurine are effective germinants for NCA strain 7X I only. 8-Aza-2,6-diaminopurine is also effective for 7XI, but at higher concentration levels. Many analogues were tested and found ineffective. rine, 6-chloropurine, 6-methylaminopurine, 6-dimethylaminopurine, allopurinol, 8-azahypoxanthine, 8-azaguanine, 6,8-dihydroxypurine. Inactive ribosides are: adenosine, inosine, deoxyinosine, deoxyadenosine, guanosine, xanthosine, uridine, cytidine, deoxycytidine, 6-mercaptoguanosine, 6-mercaptopurine riboside, kinetin, psicofuranine. Inactive pyrimidines are: uracil, cytosine, 5-aminouracil, orotic acid, 5-methylcytosine, 6-methylcytosine, 4,6-dihydroxypyrimidine, isocytosine, 2-amino-4-methylpyrimidine, 4-hydroxypyrazolopyrimidine.)
Adenine germination shows the relatively broad pH optimum (Fig. 2) characteristic of B. macerans spores. Inorganic ions influence adenine germination strongly (Fig. 3) , and sodium ions at relatively low concentration levels appear to be strongly inhibitory, much more so than potassium ions.
Adenine germination is potentiated by fructose; both rate and extent of germination are increased in its presence (16) .
Pyridoxine and pyridoxal. Pyridoxine and pyridoxal are extremely effective germinants for strain 7XI; germination resembles adenine germination not only in strain specificity but in minimum effective concentration (Table 1) , potentiation by fructose (Fig. 5) , temperature response (Fig. Ib) , and pH optimum (not shown). However, high salt concentrations are much less inhibitory to pyridoxine germination (Fig. 3b, d) , and sodium ions do not appear to be inhibitory.
Pyridoxamine is also very effective, but at concentration levels appreciably higher than those required for activity of pyridoxine or pyridoxal.
Fructose and ribose. Although sugars are not good germinants for strains other than B-70, Dfructose and D-ribose, at relatively high concentration (0.05 M), strongly potentiate germination induced by adenine, pyridoxine, phenylacetamide, a-aminobutyric acid, niacinamide, and their active analogues.
Fructose is fully effective only at relatively high concentration levels (ca. 0.05 M); when used alone or together with niacinamide it requires phosphate ion. Spore germination induced in a fructose-phosphate medium is often characterized by a marked lag period (16) .
Ribose may be substituted for fructose at about the same concentration level. For B-430 spores, ribose appears to be superior to fructose as a germinant.
Glucose. Glucose is an extremely effective germinant for strain B-70, inducing rapid and complete germination at 10-6 M (Table 1 a-Aminobutyric acid. a-Aminobutyric acid is a germinant for four strains (Table 1) ; germination is markedly potentiated by fructose or ribose. Other amino acids (including L-alanine) were inactive.
Niacinamide.Niacinamide is inactive by itself, but in combination with fructose it is quite effective (Table 3) . However, it is inactive at concentration levels below 10-2 M. NAD is also active at these concentration levels. Nicotinic acid is inactive. Phosphate is required for fructose-niacinamide germination.
Combination of germinants. Fructose, a weak germinant for several strains, powerfully synergizes germination induced by nearly all germinants, except L-asparagine. When concentrations of adenine sufficient to induce maximum response of 7XI spores are used, the presence of additional amounts of pyridoxine does not increase the rate or extent of germination. This fact, considered with the similarities in germination response to adenine and pyridoxine, may indicate that these germinants are acting at the same site or by a common pathway. Penicillin or phenylacetamide, however, can increase both the rate and extent of adenine-fructose germination (Fig. 6 ). This fact, considered with other differences between adenine and phenylacetamide germination, suggests that adenine and phenylacetamide act at different sites or by different mechanisms.
Hydrogen peroxide. Hydrogen peroxide, a nonphysiological "germinant," did induce "germination" of strain B-70 at concentrations of 0.025 to 0. %. Other strains were not tested.
Inactive germinants. L-Alanine, adenosine, inosine, L-leucine, L-tyrosine, L-arginine, and L-lactic acid, compounds active in initiating germination of spores of other species, all failed to initiate germination of B. macerans spores. n-Dodecyl- 
DISCUSSION
The germination requirement pattern exhibited by B. macerans spores is distinct from that of B. cereus, B. megaterium, and B. subtilis spores. However, there are many similarities. It may be instructive to consider the points of convergence and divergence. Adenosine and inosine are ineffective, but adenine and 2,6-diaminopurine are highly effective for NCA 7X1. L-Alanine is ineffective but a-aminobutyric acid, generally less effective than alanine (6, 22) , is effective. Phenylalanine (5) (21) .
Although the five B. macerans strains tested exhibit appreciable diversity in their germination requirements, the pattern seems to be one of variation on a limited number of themes (15, 20) .
There is a considerable range of concentrations at which the various germinants are capable of acting. Adenine, 2, 6-diaminopurine, pyridoxine, pyridoxal, glucose, 2-deoxy-D-glucose, and 2-phenylacetamide are capable of initiating germination at l0-5 or 10-6 M. On the other hand, Dfructose and D-ribose have reduced activity below 0.05 M. This, of course, raises the possibility that traces of impurity in these latter compounds are the true germinants. Although this possibility cannot be entirely excluded, it seems unlikely since high purity samples from several manufacturers show the same activity.
Fructose has been shown to chelate iron and other cations (2) B. macerans spores resemble spores of other species in their ionic requirements (3, 4) , germinating best at an ionic strength of 0.05 M to 0.1 M with considerable retardation at higher ionic strength. However, the pyridoxine and phenylacetamide germination proceeded quite well at high ionic strength. The fact that the inhibitory action of high salt concentrations varies markedly with the germinant suggests that high salt concentration may influence an early step in the germination mechanism, if we assume that late steps are common to germination initiated by any physiological germinant.
Thus, it might be presumed that high concentrations of ions are more likely to influence binding of the trigger to the receptor protein than they are to influence the dissociation of the hypothetical spore CaDPA complex (3) or the activity of the "lytic enzyme" (4) . The stimulatory effects of low concentrations of ions might reflect an influence on either or both of these events.
The broad pH optimum (pH 6.0 to 9.0) exhibited by B. macerans spores of all strains regardless of the nature of the germinant is noteworthy. Few studies have been made which employ a variety of germinants and buffers and cover a wide pH range. Church et al. (1) showed a similar broad optimum pH in the range pH 7 to 10 for the germination of B. cereus spores on alanineadenosine. B. megaterium germinated quite well in the range pH 5 to 8 on seven germinants, although glucosamine and L-proline germination appeared to be favored by alkaline pH levels (7). Some B. subtilis spores show distinct and sharply different pH optima for glucose and L-alanine (20) (12) . Phenyl acetamide has been found in some plant materials (8) and may represent a specialized signal which does not really differ significantly from the other members of this class.
B. macerans has some unique germination requirements and may prove to be a useful species to explore some aspects of germination.
